ABSTRACT A 3-D vehicle-to-vehicle (V2V) channel model composed by the line-of-sight, single-bounced and double-bounced rays with local scatterers moving in random velocities and directions is proposed in this paper. Based on the 3-D model, the complex channel gain and the autocorrelation function (ACF) are derived. The Doppler power spectral density (PSD) can be obtained by taking the Fourier transform to the ACF. As special cases, the proposed model can be applied to the 3-D fixed-to-vehicle (F2V) and fixed-tofixed (F2F) scenarios at different carrier frequencies. The 2-D V2V, F2V, and F2F ACFs and Doppler PSDs can be obtained from the proposed 3-D model. Good agreements are shown between the theoretical and available measured Doppler PSDs in different scenarios in this paper.
I. INTRODUCTION
Research on vehicle-to-vehicle (V2V) channel model and its characterization are of significance for the development and standardization of V2V communication system. Many different V2V channel models have been proposed in open literature, e.g. the regular-shaped geometry-based scattering models [1] - [5] , the geometrical street models [6] - [8] and the geometrical T-junction models [9] . Narrowband channel measurements of the V2V channel and its characterization under realistic driving conditions have been reported in [10] and [11] . The measured Doppler delay profiles of wideband V2V channels can be found in [12] and [13] . The statistical properties of fixed-to-vehicle (F2V) [14] , [15] and fixedto-fixed (F2F) [16] , [17] channels have been studied as the special cases for V2V channels. However, most these channel models just took the stationary scatterers into consideration, but the moving scatterers such as moving foliage, walking pedestrians and passing vehicles are inevitable in V2V communications, and the moving scatterers were proven to be a significant source for Doppler spread [18] , even in millimeter wave band [19] . Most recently, some work took the moving scatterers into consideration. The Doppler spectrum of indoor channels considering moving scatterers was studied in [20] and [21] . The effect of moving scatterers on F2V and F2F channels was studied in [19] and [22] , respectively.
The geometrical street models in [7] and [8] investigated the statistics of the V2V channels with fixed and moving scatterers, but the velocities and directions of the moving scatterers were regarded as constant. A two-cylinder model for V2V channel with moving scatterers around the two bases of cylinders with constant velocities was proposed in [4] . A 2D V2V channel with single-bounced scatterering was proposed in [23] , in which the scatterers were assumed to move with random velocities in random directions. However, in a V2V channel, apart from single-bounced (SB) rays, the LOS and double-bounced (DB) rays can also be happened frequently. Moreover, radio waves propagating in the elevation plane cannot be ignored, especially in a urban environment where the transmitter (Tx) and receiver (Rx) antennas are often located close to the ground and lower than the surroundings.
To overcome these aforementioned deficiencies, this paper proposes a 3D V2V channel model with local scatterers moving with random velocities in random directions, and it not only think about the single-bounced scattering rays but also the LOS and double-bounced rays are included in the model. The 3D complex channel gain and the autocorrelation functions (ACFs) of the LOS, SB and DB rays for V2V channel are derived. The corresponding 2D models can be obtained from the 3D model when the maximum elevation angle is set as zero degree. The ACFs of the F2V and F2F channels can be derived as the special cases of the ACF for the V2V channel. The effect of different kind of local scatterers i.e., fixed scatterers, relatively slow and fast moving scatterers on the 2D/3D V2V, F2V and F2F channels are analyzed. It is assumed that the slow and fast moving scatterers follow negative exponential and Gaussian mixed distributions, respectively. The proposed 3D SB and DB scattering model are flexible to be applied to the regular geometrical models, such as one-sphere [24] , two-cylinder [2] [models and so on. By considering the distributions of the angle-of-arrival (AoA) and angle-of-departure (AoD) of radio waves in one-sphere and two-cylinder models, the ACF and PSD of the two models are studied and compared with the measurement results.
The remainder of this paper is organized as follows. Section II presents the 3D geometrical LOS, SB and DB scattering model. Section III describes the autocorrelation function of the 3D V2V channel models. Section IV presents the numerical results and analysis. Section V summarizes the main findings and draws the conclusions.
II. GEOMETRY OF THE SCATTERING MODEL
In this section, it is assumed that between the transceiver there may exist the line-of-sight (LOS), single-bounced (SB) and double-bounced (DB) scattering rays.
The geometry of the 3D V2V single-bounced scattering model is shown in Fig. 1 . The transmitter (Tx) and receiver (Rx) are moving with the speed of v T and v R , respectively. The angles α T v and α R v describe the moving orientations of the Tx and Rx in the x-y plane with respect to the x-axis. It is assumed that both the Tx and Rx are equipped with single omni-directional antennas. The Tx and Rx are surrounded by K effect scatterers denoted by S k (k = 1, 2, . . . , K ). The projection of the scatterer S k in the x-y plane is S k . Each of the local scatterers in motion with a random speed v S k at a random direction α The channel gain of frequency non-selective V2V SB and DB scattering models can be modeled as complex stochastic processes shown in (1) and (2), respectively.
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where c k and c mn designate the attenuation factor caused by the interaction of the emitted waves with the k-th scatterer S k , the m-th scatterer S m and the n-th scatterer S n , respectively. The random variables θ k and θ mn denote the phase shift and are assumed to be uniformly distributed between 0 and 2π. f k and f mn represents the Doppler frequency caused by the movement of the transceiver and moving sactterers, respectively, which can be calculated as follows
where k 0 = 2π f 0 /c 0 denotes the free-space wave number, f 0 is the carrier frequency, c 0 is the speed of light. Based on the central limit theorem, if the number of paths tends to be infinity, the complex channel gain µ SB (t) and µ DB (t) in (1) and (2), respectively is equivalent to a complex valued Gaussian process with zero mean and variance 2σ 2 0 ( lim
E{c 2 mn } = 2σ 2 0 ), respectively.
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The complex channel gain of the LOS rays are modeled as
where f LOS is the Doppler shift caused by the movement of the transceiver and can be calculated as
The AoAs are approximately equal to π for the LOS rays, i.e., α R LOS = π . Then, the complex channel gain composing of LOS, singleand double-bounced rays can be modeled as
where K is the Ricean factor, η SB , η DB specify how much the SB and DB rays contribute in the total power and satisfy η SB + η DB = 1.
III. AUTOCORRELATION FUNCTION OF THE 3D V2V CHANNEL MODELS
The ACF of the proposed single-and double-bounced models in Figs. 1 and 2 can be calculated by using the definition r µµ (τ ) := E{µ * (t)µ(t +τ )}, and E{·} denotes the expectation operator. Due to the wide applicability of the proposed model in (1) and (2), as long as the distributions of the AAoD, AAoA, EAoD and EAOA of the geometrical model are given, the ACF can be calculated.
A. THE ACF OF THE PROPOSED MODEL
The ACF of the SB and DB rays can be obtained as (8) and (9) by substituting (1) and (2) into the definition of ACF, respectively.
It is assumed that all path gains have the same size, i.e., . Then the ACF of the 3D V2V single-and double-bounced scattering rays can be obtained as (10) and (11), as shown at the top of the next page, respectively.
In (10) , The ACF of the LOS rays can be calculated as
Since µ SB (t) and µ DB (t) are independent zero-mean complex Gaussian processes, the ACF of the channel gain µ(t) shown in (7) can be calculated as
The pdf of EAoA p β R k β R k for SB rays, the pdfs of EAoD p β T m β T m and EAoA p β R n β R n for DB rays are expressed as in (16) , which is prevalent in V2V communications [2] .
where β m is the maximum elevation angle.
B. THE GEOMETRICAL SCATTERING MODEL
The one-sphere model can be obtained in [24] . For the SB rays, the relationships between the AAoD α T k and AAoA α R k , the EAoD β T k and EAoA β R k are
where R R is the radius of the Rx sphere, D is the distance between the centers of the Tx and Rx, ξ k is the distance between the center of the Tx and the scatteter S k .
The two-cylinder model is shown in [2] . For the SB rays, the relationships between the AAoD α T m and AAoA α R m , the EAoD β T m and EAoA β R m impinged on scatterer S m around Tx are shown in (19) and (20) , the relationships between the AAoD α T n and AAoA α R n , the EAoD β T n and EAoA β R n impinged on scatterer S n around Rx are shown in (21) and (22) .
where R T and R R are the radii of the Tx and Rx cylinders, h T and h R are the height of the Tx and Rx, D is the distance between the centers of the Tx and Rx. Assume the mathematical relation between AOD α T and AOA α R in a given geometric channel model is presented by α T = g(α R ), the joint pdf of p α T α R α T , α R of α T and α R can be expressed as [25] 
The joint pdf of SB rays of the one-sphere and two-cylinder models can be obtained by Using (23).
C. VELOCITY DISTRIBUTIONS OF MOVING SCATTERERS
The negative exponential distribution has been chosen to model the velocity of relatively slow moving scatterers [18] , [19] . The negative exponential distribution can be expressed as (24) , and v 0 is mean velocity.
The classical Gaussian and the Gauss mixed (GM) models [23] are the most popular probability distributions for describing the velocity of vehicles. The GM distribution can be expressed as
where ω i ≥ 0 is the mixing proportion, which is subject to
The number of individual Gaussian densities N i is denoted by I , where each of them has mean m iv S and variance σ 2 iv S .
IV. NUMERICAL RESULTS AND ANALYSIS
In the numerical calculation, the carrier frequency f 0 = 5.9GHz, the signal power 2σ 2 0 is assumed to be 1. In the V2V channel, the velocity and moving directions of the Tx and the Rx are supposed to be v T = v R = 20km/h and α T v = α R v = 0, respectively. The negative exponential distribution (exp) is to describe the velocity of relatively slow moving scatterers [18] and the mean velocity is set as m v S = 3.6km/h in the exponential distribution. The Gaussian mixed (GM) distribution is to describe the velocity of relatively fast moving scatterers [23] and the GM parameters are set as:
The EAoD and EAoA of the proposed SB and DB scattering models are assumed to follow the distribution in (16) and the maximum elevation angle is set to be β m = π /2. In the onesphere model, R R = 20m, D = 300m. In the two-cylinder model, R T = R R = 20m, D = 300m. As the maximum elevation angle is set to 0, the 3D channel models are simplified to 2D models. The Doppler PSD can be calculated by taking the Fourier transform of the corresponding ACF. Fig. 3 shows the Doppler PSDs of V2V channels with fixed scatterers. The corresponding 2D V2V Doppler PSDs can be obtained when the maximum elevation angle is set to 0. It can be seen that the relative power of the 3D channels are different from the corresponding 2D one, i.e., the radio waves from elevation plane have obvious contribution to the Doppler PSDs of V2V channels with fixed scatterers. It is also seen that the Doppler spectra of the V2V channel are different from classical Jakes of the F2V channel. Fig. 4 shows the Doppler PSDs of single-and doublebounced rays of the V2V channel with relatively slow and fast moving scatterers, respectively. As shown in Fig. 4 , no matter in 2D or 3D V2V models, the relative power is much higher by increasing the velocity of moving scatterers. And the power of the DB model is higher than that of the SB model, which means that the relative power can be increased with more scattering times. When the moving velocity or the number of scattering times increases, the Doppler spread becomes larger. We can also see that the relative power of the 3D model is larger than the 2D one for V2V channel with slow or fast moving scatterers.
A. THE DOPPLER PSDS OF V2V CHANNELS WITH FIXED SCATTERERS

B. THE DOPPLER PSDS OF THE V2V CHANNEL WITH MOVING SCATTERERS
C. THE DOPPLER PSDS OF THE F2F CHANNEL WITH MOVING SCATTERERS
Figs. 5 and 6 show the Doppler PSDs of single-and doublebounced rays for the F2F channel with relatively slow and fast moving scatterers, respectively. From the two figures, it's seen that the Doppler PSDs of the DB scattering are with higher relative power than the SB scattering cases in both 2D and 3D F2F channels, i.e., by increasing number of the scattering times in the F2F channel, the Doppler spread becomes larger. And we can also see that the 3D Doppler PSDs is only slightly larger than 2D ones of the F2F channel for both SB and DB scattering, respectively with slow or fast moving scatterers. Fig. 7 shows the analytical PSD of one-sphere model for 3D F2F channel with moving scatterers and the measured PSD for passing vehicles at 29.5GHz in [16] . In the numerical Comparison between the analytical PSD of 3D one-sphere model [24] and the measurement in [16] .
D. VALIDATION OF THE ANALYTICAL PSDs WITH MEASUREMENTS
FIGURE 8.
Comparison between the analytical 3D, 2D PSDs and measurement in [11] .
computation, just the SB rays are considered. The pdfs of the AAoA, AAoD, EAoA and EAoD are assumed to follow the distributions as (17) (18) . The GM distribution is used to describe the velocity distribution of moving scatterers, and the parameters are set as [23] in the GM model. Very good agreement can be seen between the analytical and measured results. Fig. 8 shows the analytical PSD of two-cylinder model for 3D V2V channel with fixed scatterers and the corresponding 2D model, as well as the measured result in [11] . In the twocylinder model, we assume the 3D V2V channel is composed by the SB, DB and LOS rays and the parameters are taken as: f 0 = 5.2GHz, f max T = f max R = 75Hz, η SBT = η SBR = 0.1, η DB = 0.8, and K = 4. The AAoD, AAOA, EAoD and EAoA of the SB and DB rays are assumed to follow the distributions as in (19) - (22) . The 2D model is obtained by setting elevation angles as 0 in the 3D model. It is seen that the analytical result of 3D model matches better than the 2D model compared with the measurement.
V. CONCLUSIONS
This paper proposes a 3D vehicle-to-vehicle (V2V) channel model where the local scatterers move with random velocities in random directions. In the channel model, the LOS, SB and DB scattering rays are taken into consideration. The negative exponential and Gaussian mixed distributions are used to describe the relatively slow and fast moving scatterers, respectively. The complex channel gain and autocorrelation function (ACF) of the channel model are derived and the Doppler power spectrum density (PSD) in different scenarios are analyzed. It can be found that the relative power in its PSD of the 3D models with fixed or moving scatterers for V2V or F2F channels are different from the corresponding 2D models. So the waves from the elevation plane cannot be ignored. It is also found that the Doppler PSDs and Doppler spread will become larger with the more scattering times or/and higher velocity of moving scatterers. The proposed model is flexible and can be applied for different regular geometrical models, e.g. one-sphere, two-cylinder and so on and it also can be applied at different carrier frequencies, even in the millimeter wave band. Good agreements can be found between the analytical Doppler PSDs in this work with the measurement results available so far.
